Age is known to affect sensitivity to retinal motion. However, little is known about how age might affect sensitivity to motion during pursuit. We therefore investigated direction discrimination and speed discrimination when moving stimuli were either fixated or pursued. Our experiments showed: (1) age influences direction discrimination at slow speeds but has little affect on speed discrimination; (2) the faster eye movements made in the pursuit conditions produced poorer direction discrimination at slower speeds, and poorer speed discrimination at all speeds; (3) regardless of eye-movement condition, observers always combined retinal and extra-retinal motion signals to make their judgements. Our results support the idea that performance in these tasks is limited by the internal noise associated with retinal and extra-retinal motion signals, both of which feed into a stage responsible for estimating head-centred motion. Imprecise eye movement, or later noise introduced at the combination stage, could not explain the results.
Introduction
Sensitivity to retinal image motion is known to decrease with age. With some notable exceptions (Betts et al., 2009 (Betts et al., , 2005 , research shows that older observers are less able to detect motion (Owsley, Sekuler, & Siemsen, 1983; Porciatta, Fiorentini, Morrone, & Burr, 1999; Wright & Drasdo, 1985) , discriminate speed and direction (Ball & Sekuler, 1986; Bennett, Sekuler, & Sekuler, 2007; Bidwell, Holzman, & Chen, 2006; Norman, Ross, Hawkes, & Long, 2003; Raghuram, Lakshminarayanan, & Khanna, 2005; Snowden & Kavanagh, 2006; Willis & Anderson, 2000) , judge motion coherence (Tran, Silverman, Zimmerman, & Feldon, 1998; Wojciechowski, Trick, & Steinman, 1995) and extract form from motion (Andersen & Atchley, 1995; Billino, Bremmer, & Gegenfurtner, 2008; Gilmore, Wenk, Naylor, & Stuve, 1992; Norman, Dawson, & Butler, 2000; Pilz, Bennett, & Sekuler, 2010; Wist, Schrauf, & Ehrenstein, 2000) . Many of these studies prevented smooth pursuit eye movements, either by using brief presentation durations, displaying stationary fixation points, or both. In normal viewing, however, the eyes are rarely stationary but actively scan the environment, often tracking targets that move. Here we investigate how age affects motion sensitivity during eye movement, by comparing direction and speed discrimination with and without pursuit.
The ability to foveate moving targets comes at a cost. As the eyes moves, the simple relationship between motion in the image and motion in the world is lost. One solution to this problem uses patterns of image motion (retinal flow) to enable observers to judge object movement with respect to the scene (Brenner & van den Berg, 1994; Warren & Rushton, 2009 ). Another solution combines estimates of retinal motion with extra-retinal estimates of eye velocity, such as copies of motor commands (von Holst, 1954) or proprioceptive feedback (Skavenski, 1972 ; see also Tong, Stevenson, & Bedell, 2008) . Combining estimates of retinal motion with extra-retinal eye-velocity signals yields object motion with respect to the head Dichgans & Brandt, 1972; Freeman, 2001; Freeman & Banks, 1998; Freeman, Champion, & Warren, 2010; Freeman & Fowler, 2000; Haarmeier et al., 2001 Haarmeier et al., , 1997 Ilg, Schumann, & Thier, 2004; Morvan & Wexler, 2005 Naji & Freeman, 2004; Perrone & Krauzlis, 2008; Souman & Freeman, 2008; Souman, Hooge, & Wertheim, 2006; Turano & Massof, 2001; Wertheim, 1987 Wertheim, , 1994 . Little is known about how age affects extra-retinal motion signals. Wertheim and Bekkering (1992) investigated the illusory motion of stationary backgrounds during pursuit and found that this Filehne illusion declined and could invert with age. Freeman, Naji, and Margrain (2002) found a similar though less pronounced effect of age on the Filehne illusion, but surprisingly no effect on the perceived slowing of pursued stimuli (the Aubert-Fleischl phenomenon). Both illusions concern changes in perceptual bias that could arise in a number of ways. The traditional view is that underlying signals encoding the motion of pursued targets and image motion differ in accuracy. More recently, Freeman et al. (2010) have suggested that these types of pursuit-based velocity illusions depend on how different motion signals are interpreted in the presence of signal uncertainty. At the heart of their Bayesian model is the idea that the underlying signals measuring the motion of pursued targets are corrupted 0042-6989/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2010.08.015 by greater levels of internal noise. Freeman et al. supported this claim by showing that speed discrimination declined when stimuli were pursued. Understanding how observers discriminate motion is therefore important for two reasons. First, discrimination performance defines fundamental limits on the precision of low-level motion mechanisms. Second, the precision of early signals may constrain how motion is subsequently interpreted by the visual system. In the experiments below, we therefore investigated how the precision of pursued and fixated stimuli varies as a function of age.
Pursuit and motion discrimination
To understand how age might impact on performance in our experiments, we first consider two reasons why direction and speed discrimination may differ with and without pursuit. Stimuli were viewed in complete darkness and moved at a velocity that was ramped over the early portion of the presentation duration. The ramp was included to try to prevent observers using initial retinal motion cues in the pursuit condition (i.e. before the eye had moved). Under these viewing conditions, extra-retinal motion signals would be expected to dominate the judgement of motion in pursuit trials, while retinal motion signals would be expected to dominate the judgement of motion in fixation trials. Assuming these signals limit discrimination performance, the thresholds with and without pursuit will depend on the levels of internal noise associated with each signal. Freeman et al. (2010) found that speed discrimination deteriorated when stimuli were pursued (see also . Similarly, Welchman, Harris, and Brenner (2009) found higher direction discrimination thresholds for motion-in-depth stimuli viewed during vergence pursuit. Both studies therefore suggest that the level of internal noise associated with extra-retinal signals is higher. Consequently, direction discrimination and speed discrimination deteriorate during pursuit.
The second reason performance might differ with and without pursuit concerns the precision of the pursuit eye movements made. A reasonable assumption is that the magnitude of the extra-retinal signals correlates with the speed of the eye. If pursuit is relatively imprecise, then variable eye movements should influence performance because the associated extra-retinal signal will fluctuate in step. Previous work has demonstrated a close link between pursuit variability and motion discrimination thresholds (Beutter & Stone, 2000; Gegenfurtner, Xing, Scott, & Hawken, 2003; Kowler & McKee, 1987; Krauzlis & Adler, 2001; Rasche & Gegenfurtner, 2009; Stone & Krauzlis, 2003; Watamaniuk & Heinen, 1999) . However, it is unclear how this relates to the current experiments. The link demonstrated by those studies is typically between initial eye velocity and early retinal motion signals. Both of these occur during the initial open-loop phase of the eye movement (but see Kowler and McKee (1987) and Rasche and Gegenfurtner (2009) for more extensive analysis of the temporal dynamics). In contrast, the pursuit conditions of our experiments were specifically designed to target extra-retinal motion signals related to later closed-loop phases of the eye movement.
Influence of age
Different levels of internal noise, together with the possible influence of eye movement precision, suggest two ways in which age may affect motion sensitivity with and without pursuit. With respect to internal noise, Bennett et al. (2007) were able to account for the effects of age on motion detection and direction matching with an age-dependent increase in noise across an array of direction-tuned sensors, coupled with a possible deterioration in sensor tuning. Whether there exist similar age-related changes to the precision of extra-retinal motion signals is unknown. The findings of Bennett et al. (2007) are in keeping with neurophysiological evidence of the effect of age on response variability and direction tuning in MT (Yang et al., 2008) , as well as analogous findings for the representation of orientation and direction in V1 (Schmolesky, Wang, Pu, & Leventhal, 2000) . Some of these effects may be mediated by an age-related decline in the level of the inhibitory neurotransmitter GABA (Grachev & Apkarian, 2001; Leventhal, Wang, Pu, Zhou, & Ma, 2003) . For instance, recent evidence shows that levels of GABA negatively correlate with orientation discrimination thresholds in human observers (Edden, Muthukumaraswamy, Freeman, & Singh, 2009) .
With reference to oculomotor control, a recent study showed that smooth pursuit in older observers is less precise especially at faster pursuit speeds (Kolarik, Margrain, & Freeman, 2010) . This opens up the possibility that motion discrimination during pursuit will depend on age. Age also affects the accuracy of ocular following (Kolarik et al., 2010; Moschner & Baloh, 1994; Paige, 1994; Ross et al., 1999; Sharpe & Sylvester, 1978; Spooner, Sakala, & Baloh, 1980; Valmaggia et al., 2004; Zackon & Sharpe, 1987) . It is therefore possible that pursuit accuracy could influence the ability to discriminate the motion of pursued stimuli if internal noise varies with the magnitude of extra-retinal signals.
Combining inputs
The arguments above assume that different types of motion signals limit performance depending on the presence or absence of pursuit. But, as Krukowski, Pirog, Beutter, Brooks, and Stone (2003) point out, predicting the influence of pursuit on motion discrimination could be limited by later processing stages. In their experiments, they found similar direction discrimination thresholds for a single-dot stimulus viewed in pursuit and fixation conditions. In a subsequent analysis they showed that direction thresholds did not depend on the ratio of pursuit eye movement to retinal slip. This led Krukowski et al. to conclude that performance in the two conditions was limited by a common noise source, one that they attributed to a stage that combines the two motion signals into head-centred motion. This idea is supported by the findings of Welchman et al. (2009) , who showed that motion-in-depth direction discrimination could not be predicted by either eye movement or retinal slip alone. Using what we term 'classification analysis', Welchman et al. showed that psychometric functions were steepest when plotted against motion-in-depth, as opposed to either the vergence eye movement on its own, or the consequent retinal slip. We assume that the steeper psychometric functions were also those that produced the better fit.
Of course, in experiments like these it is difficult to tell whether performance is limited by noise at the combination stage or noise at the input stage, or indeed both. Welchman et al. (2009) found higher discrimination thresholds during vergence pursuit, which could imply noiser extra-retinal vergence signals. Similarly, Freeman et al. (2010) found higher speed-discrimination thresholds for fronto-parallel pursuit. Noisier extra-retinal signals could also account for the discrimination ellipses collected by Champion and Freeman (2010) , which were elongated in the direction of the pursuit target motion axis. An obvious complication in drawing any general conclusion from these studies is that they investigated different types of motion judgements (direction, speed and motion-in-depth). Moreover, different sizes of stimuli were used. One could argue that using large stimuli, as in Freeman et al. (2010) , reduces the noise in fixation conditions because more retinal motion sensors are recruited. In comparison, Krukowski et al. (2003) used a single dot, potentially increasing the level of uncertainty in their fixation condition.
These studies emphasise that measuring concurrent eye movements when observers make psychophysical motion judgements is extremely important if one wants to determine the mixture of signals used. To anticipate, in our experiments we found differences in the ability of observers to control eye movements accurately in both pursuit and fixation conditions. While this complicates explicit conclusions about the separate effects of age on the precision of retinal and extra-retinal motion signals, it does lead to an important finding. For both direction discrimination and speed discrimination, we found compelling evidence that both younger and older observers combine retinal and extra-retinal motion signals, whether they were asked to pursue the stimuli or not. As we argue later, this has important consequences for determining which stage in processing may limit motion discrimination in these different eye-movement conditions.
Methods

Stimuli
Stimuli were created in OpenGL and rendered by a Radeon 9800 Pro graphics card. All stimuli were rear projected through a Sony Multiscan projector (VPH 1272QM) onto a large screen (1.5 m wide and 1 m high) at a refresh rate of 72 Hz. Only the central 'green' cathode ray tube (CRT) of the projector was used. The screen had an embedded Fresnel lens, which collimated light evenly throughout the display. Gamma correction was achieved using standard techniques. Observers viewed the screen binocularly at a distance of 2 m in a completely darkened lab. Head position was stabilised using a chin-and-forehead rest.
Stimuli in the direction discrimination experiments consisted of dots (0.1 deg radius, density of 1.5 dot/deg2) randomly positioned within a circular aperture (5 deg radius). The stimuli in the speed discrimination experiments had a lower dot density (1 dot/deg 2 ) and were shown in through a larger circular aperture (8 deg radius). A fixation point (0.2 deg radius) was centred within the random dot pattern. In the 'fixation' condition, observers were instructed to fixate their eyes on a central stationary point whilst judging the motion of the surrounding random dot pattern, which moved behind a stationary window (see Fig. 1A , left). In the 'pursuit' condition, the dot pattern, fixation point and window all moved at the same velocity (Fig. 1A, right) . Each stimulus lasted for a mean of 800 ms and consisted of two phases: an initial ramp (mean 300 ms) followed by longer period of constant velocity (mean 500 ms). Long stimulus durations were used in order to allow the eye to move in the pursuit conditions, especially in the face of evidence showing that pursuit initiation times and initial acceleration are longer in older observers (Knox, Davidson, & Anderson, 2005; Morrow & Sharpe, 1993) . Because the eyes do not start moving immediately, however, observers could potentially use the initial retinal motion to make their judgements. The ramp was therefore included to reduce the use of this initial retinal motion cue. In the direction discrimination experiments, the ramp modulated direction (speed was always constant), with the starting direction set to the 'standard' defined by the particular condition being investigated (see below). The duration of the two phases was randomly jittered by 100 ms each time the stimulus was shown, giving a maximum possible duration of 900 ms for any stimulus. In the speed discrimination experiments, the ramp modulated speed (direction was always horizontal), with the starting speed set to 0. The random jitter was set 50 ms for each phase, giving a maximum possible duration of 850 ms.
Procedure
All observers wore their optical correction if necessary. Before psychophysical data were collected, visual acuity and contrast sensitivity were measured using the Bailey-Lovie Log MAR chart (at 2 m) and Pelli-Robson CS chart (1 m). Observers viewed the charts binocularly.
Direction discrimination
Direction discrimination thresholds were determined using a 2-alternative-forced-choice paradigm for three different standard directions (h = 0 deg (rightward), 45 deg, 90 deg (upward)) and two different speeds (2 deg/s and 8 deg/s). On each trial, observers were presented with two sequential intervals of motion, in which a moving stimulus translated in a direction either clockwise or anticlockwise from the standard direction (h ± Dh/2). The mean direction h was held constant in any one session. The observer's task was to choose which interval appeared more clockwise using a mouse-button press. The difference between the two intervals (Dh) was adjusted logarithmically using two randomly interleaved 1-up 1 down staircases. Dh increased by three step sizes following each incorrect response and decreased by one step size following each correct response. Staircases therefore converged on the 75% correct responses (Kaernbach, 1991) and were terminated after eight reversals. Pursuit and fixation conditions were run in separate sessions, yielding a total of six types of trials per speed condition (two conditions Â three standard directions). The order of the six conditions was randomised, with a break in between to explain the type of eye movement to use in the subsequent session. Each observer carried out each condition once, with each testing session lasting about an hour. The fast and slow-speed conditions were run on separate sets of observers.
2.2.1.1. Luminance control. As people get older, pupil size and the clarity of ocular media decrease. Both of these changes reduce the amount of light reaching the retina by around 2/3 (Weale, 1961) . To test whether retinal illuminance could explain any age-related effects, direction discrimination in younger observers was investigated as a function of light level by placing Neutral Density (ND) filters over the green CRT of the projector. Three conditions were compared: 'no filter', 50% reduction (ND 0.3 log units) and 75% reduction (ND 0.6 log units). The stimulus moved at the slower speed (2 deg/s) and the standard direction was set to 45 deg.
Relative-motion control.
In the fixation condition of the main experiment, the dot pattern moved behind a static fixation point and window. Hence the fixation condition contained static references while the pursuit condition did not, confounding type of eye movement and relative motion. To investigate whether the presence of relative motion improved direction discrimination, two fixation conditions were compared in younger observers. In the 'no relative motion' condition, the dots and window moved together for a mean of 250 ms. The duration was randomly perturbed by ±100 ms. In addition to using short durations, eye movements were further prevented by displaying a static fixation point for 500 ms prior to stimulus presentation, which was then followed by a blank period randomly selected from the range 0-400 ms. The same stimulus phases were used for the 'relative motion' condition. In this case, however, the dot pattern moved behind a static window and stationary fixation point, as in the main experiment.
The stimulus moved at the slower speed (2 deg/s) and the standard direction was set to 45 deg.
Speed discrimination
Speed-discrimination thresholds were determined using similar stimuli to the direction discrimination experiments (Fig. 1B) . Three different standard speeds were investigated (S = 4.8 deg/s, 9.6 deg/s and 19.2 deg/s). Stimuli always moved horizontally across the screen. On each trial, observers were presented with two sequential intervals of stimulus motion, one moving at a standard speed (S) and one that differed from the standard (S ± DS). The motion for both was either leftward or rightward, with the direction alternating across trials. The standard speed was held constant in any one session. The observer's task was to choose which interval appeared to move faster. The speed difference between the two intervals (DS) was adjusted logarithmically, using the same staircase protocol as in the direction discrimination experiments.
2.2.2.1. Retinal-slip control. A control condition was run to see whether the retinal motion presented during the ramp could be used by observers to make speed discrimination judgements. Stimuli from the fixation condition were therefore presented with the second phase of constant stimulus motion removed. This forced observers to try and make speed discrimination judgements based on the ramped motion only.
In the speed discrimination experiment, the pursuit, fixation and retinal-slip control conditions were run in separate sessions, yielding nine types of trials (three conditions Â three standard speeds). The order of the nine conditions was randomised, with a break in between to explain the type of eye movement to use in the subsequent session. Each observer carried out each condition just once, with each testing session lasting about an hour.
Psychophysical analysis
The frequency of choosing interval 2 was plotted as a function of the signed difference (Dh or DS) between the two intervals, and then psychometric functions fit using Probit analysis (Finney, 1971) . Probabilities therefore ranged from 0 to 1. This is different from the more typical analysis that plots percent correct against an unsigned increment. We decided to plot both limbs of the psychometric function to provide a more robust analysis of the goodness-of-fit. This was particularly important for the 'classification analysis' described more fully below, where psychometric functions were plotted against head-centred motion, eye motion or retinal slip. Plotting discrimination performance over the full probability range is not without precedent Freeman, Champion, Sumnall, & Snowden, 2009; Georgeson & Meese, 2006; Kontsevich, Chen, & Tyler, 2002) .
Threshold was defined as the difference in Dh or DS between probabilities of 0.75 and 0.5. Outliers were defined as thresholds that were more than three standard deviations away from the between-subjects mean in any particular condition. Just under 10% of the observers were excluded across experiments in this way (five younger and six older).
Eye-movement recording and analysis
For the direction discrimination experiments, an SR Eyelink 1000 mounted on the chin-and-forehead rest was used to record eye-movements at a rate of 1000 Hz. For the speed discrimination experiments, a head-mounted ASL Series 5000 was used to record eye-movements at a rate of 60 Hz. Both eye trackers use standard video-based technology. To calibrate both, observers were instructed to scan through an 3 by 3 array of points and the corresponding eye co-ordinates recorded. The calibration was validated by the experimenter using a repeat scan.
Direction discrimination
The Cartesian components of eye velocity ðE x ; E y Þ were determined offline by first passing the position recordings from the X and Y channels of the eye tracker through a Gaussian filter (r = 16 Hz) and taking time derivatives. Examples are shown in the top two panels of Fig. 2A . Saccades were detected by locating peaks in eye speed E ¼ ðE
5 that both exceeded a 40 deg/s and also corresponded to zero-crossings in the acceleration profile. Samples ±35 ms either side of the peak were excluded from subsequent analysis. An example of an eye speed trace is shown in the bottom panel of Fig. 2A . Note that the steep rise in speed at the start of the trace is an artefact of the Gaussian filtering. Because we were interested in eye movements following the end of the ramp (around 300 ms), this artefact is some distance from the region of interest. We also assumed that any measurement noise introduced by the eye tracker was negligible (see Welchman et al., 2009 and also Kolarik et al., 2010 , for evidence that measurement noise is unlikely to be a confounding factor in experiments like these).
The psychophysical procedure presents a range of directions over the course of a number of trials and at two different speeds. To summarise accuracy, we therefore took separate means of the components eye movements (e p , e o ) parallel and orthogonal to the stimulus direction, and normalised with respect to stimulus speed S. Thus:
and h S ¼ arctan Sy Sx (see Fig. 2B ). Perfect fixation corresponds to ðe p ; e o Þ ¼ ð0; 0Þ whereas accurate pursuit corresponds to ðe p ; e o Þ ¼ ð1; 0Þ. To summarise oculomotor control, separate means for each normalised component were taken from the period covering the end of the initial ramp to the end of stimulus presentation. These were then averaged over trials and observers.
Speed discrimination
Stimulus motion in the speed discrimination experiments was always horizontal, so the analysis of eye movements was restricted to using the data from the horizontal channel of the eye tracker (i.e. E x ). This is equivalent to the parallel component used in the direction discrimination experiments. Saccades were detected using the same threshold and acceleration criteria as above. Horizontal eye speeds were converted to gains by dividing by the appropriate stimulus speed.
Observers
Older observers were recruited following attendance at the School of Optometry's eye clinic, where they received a full eye examination to rule out any ocular pathology including macular degeneration, glaucoma, cataracts, or other retinal or eye problems. Young observers were recruited through the School of Psychology's participant panel and were either paid or completed the study for course credit. Older observers were always paid. Note that in the main direction discrimination experiment, separate groups of observers participated in the high speed and low-speed conditions. Table 1 provides a summary of the age ranges, samples sizes, gender split and letter-chart data for all the experiments reported here. The mean age of the samples of younger observers ranged from 18.8 to 23.2 years. The mean age of the samples of older observers ranged from 67.1 to 68.8. The letter-chart data are within the normal range for the two age groups studied (Elliott, Yang, & Whitaker, 1995; Mantyjarvi & Laitinen, 2001 ).
Results
Direction discrimination
3.1.1. Psychophysics Fig. 3 shows the mean direction discrimination thresholds for the three standard directions investigated. The top row corresponds to the low-speed condition and the bottom row the highspeed condition. The left-hand column shows data for the fixation condition and the right-hand column data for pursuit.
The results suggest that older observers (closed symbols) were worse at discriminating direction at the lower speed than younger observers (open symbols). The difference disappears at the higher speed. Pursuit in the low-speed condition also appears to produce poorer performance than the higher speed condition for both sets of observers. The results also suggest a small 'oblique effect': discrimination in the oblique direction appears slightly worse than the cardinals, though not for older observers at the faster speed.
These observations were confirmed in subsequent statistical analyses. A 2 Â 2 Â 2 Â 3 mixed ANOVA was run on the whole data set, with age and speed as between-subjects factors and eye-movement condition and direction as within-subject factors (recall that different observers participated in the two speed conditions). The analysis revealed significant main effects of speed (F(1, 43) = 21.54, p < .001), direction (F(2, 86) = 7.44, p = .001) and a borderline effect of age (F(1, 43) = 4.04, p = .051). The effect of eye-movement condition was close to significant (F(1, 43) = 3.31, p = .076). This probably reflects the fact that the interaction between eye-movement condition and speed was significant (F(1, 43) = 5.00, p = .031). All other interactions were insignificant (p > .3 apart for the interaction between speed and age: F(1, 43) = 2.38, p = .13).
To further investigate the significant eye movement by speed interaction, separate 2 Â 2 Â 3 mixed ANOVAs were carried out on the low-speed and high-speed data. For the lower speed, the main effects of age (F(1, 21) = 4.72, p = .041) and eye-movement condition (F(1, 21) = 4.94, p = .037) were significant, with the effect of direction close to significant (F(1, 21) = 2.88, p = .067). All interactions were insignificant (p > .6). For the high-speed condition, only the main effect of direction was significant (F(2, 42) = 7.58, p = .002). All other main effects and interactions were insignificant (p > .5 apart from the interaction between direction and age: F(2, 42) = 2.53, p = .092). The important conclusion to be drawn from these secondary analyses is that age and eye-movement condition affected direction discrimination at the lower speeds only.
Eye movements
The eye movement analysis showed that the component orthogonal to the direction of the stimuli (e o ) was negligible in all conditions when averaged over observers. Hence Fig. 4 only shows the mean components parallel to the direction of the stimuli (e p ).
The means of the pursuit conditions (right column) indicate that all age groups were able to track the stimuli very well (e p close to 1). However, in the fixation conditions (left column), observers were unable to hold their eyes stationary. We looked at the time course of e p (not shown) and found eyes were already moving by the end of the initial ramp (e p $ 0.5). Inspecting the raw eye traces showed that the eye movement in the fixation condition was not optokinetic nystagmus but resembled smooth pursuit. Hence, though one could argue that the pursuit conditions were dominated by extra-retinal signals (retinal slip was small), the eye movements in the fixation conditions suggest a mixture of signals. These observations were confirmed using a 2 Â 2 Â 2 Â 3 mixed ANOVA, which revealed significant main effects of eye-movement condition (F(1, 43) = 133.36, p < .001) and speed (F(1, 43) = 9.44, p < .001). There was also a significant interaction between eyemovement condition and speed (F(1, 43) = 13.43, p = .001) as well as a significant 3-way interaction ([F(2, 43) = 4.76, p = .011). All other main effects and interactions were not significant (p > .20). The statistical analysis confirms that eye movement was faster in the pursuit condition.
Classification analysis
The eye movement data clearly do not map onto the psychophysical data, so the accuracy of oculomotor control per se does not explain the judgements made by the observers. As argued in the Introduction, however, the precision of eye movements might be an important factor. This argument assumes that observers' eyes are stationary in the fixation condition, which is not the case, and also assumes that separate signals dominate performance. However, as we now show, classification analysis demonstrates that observers used head-centred motion to make their judgements in both eye-movement conditions. Later we argue that this fact rules out imprecise eye movements as determining the psychophysical differences found between eye-movement conditions. To investigate whether observers used separate motion signals or mixtures, psychometric functions were refit to the data using either eye motion, retinal motion or head-centred motion to determine the increments between intervals. Given that the head and body were fixed, head-centred motion in this case is equivalent to velocity on the screen. Five separate classifications were run: eye speed, eye direction, retinal speed, retinal direction and head-centred direction (note that head-centred speed was constant for all intervals, so by definition could not predict performance). To refit the psychometric functions on the basis of eye speed, for instance, the signed difference between the eye speed in interval 1 and interval 2 was determined for each trial. Because the signed difference is unique to each trial, the eye-speed increments were binned and the frequency of choosing interval 2 recalculated for each bin. The psychometric function was then fit to the binned data, using the bin centres as the incremental values (see Welchman et al. (2009) and Freeman et al. (2009) for discussion). The same binning procedure was used for all five classifiers. Goodness-of-fit was calculated using the deviance measure suggested by Wichmann and Hill (2001) . Fig. 5 shows the mean deviance scores for younger observers and Fig. 6 shows the scores for older observers. Classifying performance on the basis of head-centred motion easily produced the best fitting psychometric functions -the deviance scores for this motion cue (open squares) were around a log unit better than the other cues. The classification analysis was re-run using the parallel component of the eye movement e p (recall that the orthogonal component was negligible). The results were very similar.
One counterintuitive aspect of this result is the clear advantage of head-centred motion over pursuit motion, despite the fact that we found the average pursuit was reasonably accurate. The important point to make is that classification analysis depends on the signed difference of a particular motion cue within trials -this, after all, is how the raw psychometric function is constructed when binned. For instance, two trials with the same mean pursuit can be produced by having the first interval contain the faster pursuit in trial 1, and conversely the second interval containing the faster pursuit in trial 2. It is the signed difference that determines the bin in which the observer's button presses are located, not the mean of the motion cue being investigated.
Luminance control
To test whether changes in retinal illumination could explain the affect of age on direction discrimination, we compared thresholds in younger observers across three different levels of illumination. We only investigated the lower speed because this condition produced the effect of age; we also decided to investigate just a standard direction of 45 deg. The right three bars in the two panels of Fig. 7 shows the results (the left bars in the two panels replot the data from the main direction discrimination experiment for comparison). The results show that a 50% drop in luminance (grey bar) produced very similar thresholds to the no-filter condition (open bar) for both eye-movement conditions. A 2 Â 3 ANOVA showed an effect of eye-movement condition (F(1, 11) = 5.01, p = .047), replicating the findings of the main experiment. All other comparisons were not significant (p > .30). This includes the small apparent trend of the ND filter seen for both eye-movement conditions. It is possible that had we used stronger filters, the effect of illumination would have reached significance. But the illumination needed would be substantially lower than that imposed by the average older eye. We conclude that the effect of age on direction discrimination at lower speeds is due to factors other than age-related changes in retinal illumination.
The mean eye movements parallel to the direction of the stimuli were similar to that described for the main experiment. Mean parallel component (e p ) for fixation was 0.73 (SD = 0.24); for pursuit it was 1.08 (SD = 0.33). A 2 Â 3 within-subjects ANOVA showed a significant of eye-movement condition (F(1, 11) = 30.00, p = .000). All other comparisons were not significant (p > .15). Braddick , 1982; Shioiri, Sadanori, Sakurai, & Yaguchi, 2002; Snowden, 1992) . The relative-motion control experiment was designed to exclude eye movements. All stimuli were therefore shown for brief durations and used a randomised blank period prior presentation in order to prevent anticipation (see Section 2). As before, eyemovement components orthogonal to the stimulus were negligible. A 2 Â 2 within-subjects ANOVA on the parallel components revealed a significant effect of speed (F(1, 11) = 26.30, p < .001). While this echoes eye-movement performance in the fixation condition of the main experiment, the parallel components were nevertheless reasonably close to 0 (lower speed: mean e p = 0.168, SD = 0.037; higher speed: mean e p = 0.084, SD = 0.016). All other comparisons were insignificant (p > .15).
Relative-motion control
3.4. Speed discrimination 3.4.1. Psychophysics Fig. 9A shows the results for the three standard speeds investigated, averaged across observers. For both age groups, discrimination threshold declined with increasing speed, more so for pursued stimuli. Moreover, both age groups were worse at discriminating pursued stimuli, in agreement with the data of Freeman et al. (2010) . Surprisingly, there appears to be little effect of age. For pursued stimuli, the medium standard speed suggests a small advantage for older observers, but it is unclear whether this is anything other than an anomalous finding, especially given the lack of age effects at the slower and faster speed.
A 2 Â 2 Â 3 mixed ANOVA confirmed these observations. There were significant main effects of eye-movement condition (F(1, 40) = 14.93, p < .001) and speed (F(2, 80) = 47.45, p < .001). The main effect of age was not significant (F(1, 40) = 0.003, p = .955). All other comparison were also not significant (p > .25).
Fig . 9B replots the thresholds as Weber fractions (i.e. threshold/ standard). This emphasises the fact that thresholds were approximately a fixed proportion of standard speed in the fixation condition. Moreover, Weber's law appears to break-down at slower speeds in the pursuit condition. Had we investigated slower standards, we would expect the same break-down in the fixation condition (de Bruyn & Orban, 1988) . Fig. 10 shows the eye movement data for the parallel component (e p ). The data show that the eyes were more or less stationary in the fixation condition and moved in the pursuit condition, albeit at a slower speed than the stimuli. Moreover, older observers were worse at pursuing than younger observers, confirming a number of previous reports (see Kolarik et al., 2010, for review) . The data also suggest that eye movement gain declines slightly with speed.
Eye movements
These observations were supported by a mixed 2 Â 2 Â 3 ANO-VA. There were significant main effects of age (F(1, 40) = 5.69, p = .022), speed (F(2, 80) = 15.47, p < .001) and eye-movement condition (F(1, 40) = 781.37, p < .001). The interaction between age and eye-movement condition was also significant (F(1, 40) = 5.26, p = .027). All other comparisons were not significant (p > .25).
Classification analysis
The eye movements in both conditions were not perfect. Classification analysis revealed that observers used a mixture of retinal and extra-retinal signals to make their judgements in both eyemovement conditions. Fig. 11 compares goodness-of-fit for psychometric functions that used either retinal speed, eye speed or head-centred speed (i.e. screen) to define the incremental difference between intervals. As with the direction discrimination experiments, head-centred motion (squares) produced the better fits by around a log unit in deviance.
Retinal-slip control
It was not possible to construct reasonable psychometric functions for 58% of the older observers and 34% of the younger observers. The majority of observers therefore could not use the initial ramped motion to make speed discrimination judgements.
The left-hand panel of Fig. 12 plots the mean thresholds for the minority of observers who could successfully make judgements in the control condition. For comparison, the mean thresholds from the fixation condition of the main experiment for this subset of observers are shown in the right-hand panel. The results indicate that even for this subset, the motion contained in the ramp was not as useful as the motion displayed in both stimulus phases in the main experiment. Thus, a 2 Â 2 Â 3 mixed ANOVA showed a main effect of control/comparison (F(1, 21) = 30.74, p < .001). There was a significant main effect of speed (F(2, 42) = 28.42, p < .001).
The 3-way interaction between control/comparison, age and speed was also significant (F(2, 42) = 3.42, p = .042). All other comparisons were not significant (p > .10).
As might be expected given the shorter duration in the control condition, eye fixation for this subset of observers (not shown) was better in the control than in the main experiment (F(1, 21) = 9.25, p = .006). The eye movements parallel to the stimulus (e p ) also declined with speed (F(2, 42), F = 20.36, p = .000). This reiterates the results of the main conditions of the experiment. All other comparisons were not significant (p > .10).
Discussion
Summary
The main conclusions to be drawn from these experiments are:
(1) age influences direction discrimination at slow speeds but has little affect on speed discrimination; (2) the faster eye movements made in the pursuit conditions compared to the fixation conditions produced poorer direction discrimination at slower speeds, and poorer speed discrimination at all speeds; and (3) observers based their judgements on head-centred motion in both eye-movement conditions. That is, observers always combined information about eye velocity and retinal slip. The control experiments suggest that neither retinal illuminance nor relative motion nor initial retinal motion explain these effects.
Relationship to previous studies -discrimination
Direction discrimination is known to improve with both speed and movement around the cardinals axes (Ball & Sekuler, 1987; De Bruyn & Orban, 1988; Gros, Blake, & Hiris, 1998; Pasternak & Merigan, 1984) . Our results replicate both findings, regardless of age and eye-movement condition. On the face of it, this implies that the response properties of retinal and extra-retinal mechanisms are similar. However, linking threshold and signal type is complicated by the finding that observers always combined motion cues when making their judgements, regardless of condition. Performance in all of our experiments may therefore have been limited by noise associated with two different signals. Alternatively, performance may have been limited by noise at a later combination stage, an issue that is returned to below.
Unlike direction discrimination, sensitivity to speed is known to decline as stimulus speed increases De Bruyn & Orban, 1988; Norman et al., 2003; Snowden & Kavanagh, 2006) . Our observers exhibited the same behaviour. When plotted as Weber fractions, the results for the fixation condition showed that speed-discrimination thresholds were a fixed proportion of the standard. Performance therefore obeyed Weber's law Fig. 12 . Results for the retinal-slip control condition (left). Note that the majority of observers could not perform the task. The thresholds shown are for the remaining subset of observers as a function of standard speed. The right-hand panel shows the thresholds for this same subset of observers taken from the main conditions of the experiment (Fig. 9A) . Error bars are ±SE.
over this range of standards. For the pursuit condition, Weber's law broke down for the slower standard speeds, in agreement with the performance of well-practiced observers . Had we investigated slower standards, we would also expect Weber's law to have failed in the fixation condition as well (De Bruyn & Orban, 1988) .
Relationship to previous studies -Age
It is less clear how well the effects of age reported here agree with previous work investigating the dependency on age. Bennett et al. (2007) found that the precision of direction judgements declined in older observers. However, they used stimulus speeds of 6 deg/s, closer to our higher speed condition (8 deg/s). At that speed, we found no significant effect of age. However, the age effect reported by Bennett et al. was largely driven by oldest subset of observers they studied (70-81 years). Our older sample was younger than this, which might explain the apparent discrepancy.
More work has been carried out on the relationship between speed discrimination and age. The majority of the evidence to date shows poorer performance amongst older observers (Bidwell et al., 2006; Norman, Burton, & Best, 2010; Norman et al., 2003; Raghuram et al., 2005; Snowden & Kavanagh, 2006) . However, our data did not show this (see also Brown & Bowman, 1987) for a similar result). The age of the different cohorts does not appear to be a factor. Each of the studies (including ours) investigated older observers with a mean age in the sixties, apart from the Norman and colleagues where the mean age was in the early seventies (Norman et al., 2003 (Norman et al., , 2010 . Moreover, the age of the younger groups was comparable to that used here. Another possible mitigating factor may be the duration of the stimuli. Because we wanted to compare pursuit and fixation, the stimuli needed to be presented long enough in pursuit conditions, in order to give time for observers to move their eyes and follow the stimuli as accurately as possible. To avoid confounding eye-movement condition with duration, the fixation conditions were therefore also shown for the long durations. Raghuram et al. (2005) compared 500 ms and 1000 ms conditions and found less effect of age on speed discrimination at longer durations. However, they also compared performance at different light levels. From their data, it appears that the decrease in age effect was less pronounced for light levels around 0.5 cd/m 2 compared to those around 70 cd/m 2 . The light levels used here were closer to Raghuram et al.'s low light level condition. Moreover, the age effects reported by Norman et al. (2003 Norman et al. ( , 2010 used unlimited viewing times. Bennett et al. (2007) found that direction sensitivity improved with duration but this does not appear to diminish the age effect they report. Whether duration therefore explains the absence of age effects in our speed-discrimination data is unclear.
Eye movements
In the direction-discrimination experiments, observers were unable to fixate a small stationary target (plus static window) in the presence of a large moving background. For speed discrimination, however, fixation was considerably better. There were two differences between the experiments that might account for this effect. First, the direction of motion was entirely predictable for the speed discrimination (it alternated left and right), while for direction discrimination it was not. In saccade studies it is often the case that stimuli attract unintended eye movements more often when their direction is less predictable (compare, e.g. Bompas & Sumner, 2009 and Theeuwes, Framer, Hahn, & Irwin, 1998) . A second difference was the nature of the initial ramp (in direction or speed) over the first 300 ms. Perhaps the direction ramp acts as a more powerful cue to the pursuit system.
Why does pursuit influence motion discrimination?
In the Introduction, three suggestions were made that could account for poorer performance during pursuit: (1) extra-retinal motion signals are noisier because pursuit is imprecise; (2) extraretinal signals are noisier because they are associated with greater levels of internal noise; and (3) performance is limited by noise at the combination stage not the input stage (Krukowski et al., 2003) . Below we argue that our findings cast doubt on suggestions (1) and (3). We then consider the extent to which our results can be explained by suggestion (2).
Suggestion (1). Classification analysis revealed that both younger and older observers combined motion signals regardless of the eye-movement condition being tested. This is a sensible strategy because it allows observers to estimate the head-centred motion of the stimulus (recall that because head and body were fixed, head-centred motion is equivalent to velocity on the screen in our experiments). The fact that signals were combined questions whether imprecise pursuit could explain the differences between eye-movement conditions. Pursuit orthogonal to the stimulus movement was negligible, so we need only consider speed parallel to the direction of stimulus motion to make the point. The results showed that the eyes either under-pursued or were reasonably accurate, so any increase in eye movement speed would be accompanied by a decrease in retinal slip. Variations in the magnitude of extra-retinal signals are therefore offset by anticorrelated variations in the speed of retinal slip: as one goes up, the other goes down. In these circumstances, combining signals shields observers from any changes in extra-retinal signals linked directly to imprecise pursuit. Note that this would not be true for situations in which observers over-pursued. In this case, increases in pursuit speed would be accompanied by corresponding increases in retinal slip.
Suggestion (3). Finding that signals are combined could mean that noise intrinsic to the combination stage limits performance. Krukowski et al. (2003) proposed this idea based on two findings. Firstly, they found that thresholds for direction discrimination were similar for fixation and pursuit. Secondly, they found that thresholds in the latter case were unaffected by the ratio of eye movement to retinal slip. Critically, they only investigated a speed of 10 deg/s. Our data, like theirs, suggest that direction threshold differences between pursuit and fixation disappear at this relatively fast speed. But at the slower speed, we found direction discrimination depended on eye-movement condition. It is unclear how noise at the combination stage could produce this speeddependent effect. This later type of noise is intrinsic to the process of combination, as opposed to the inputs themselves. While combination noise could certainly vary as a function of speed, it should not vary with the ratio of input signals, as Krukowski et al. (2003) point out. Our direction-discrimination data therefore do not support the idea that combination noise limits thresholds.
The speed-discrimination data are also difficult to account for in terms of combination noise. We found a clear difference between eye-movement conditions at all standard speeds investigated. To reiterate, combination noise is independent of the ratio of inputs -so thresholds should have been identical according to this hypothesis. Additionally, speed-discrimination thresholds get worse as speed increases, whereas direction discrimination improves. It is difficult to see how combination noise could explain these counter-dependencies on speed.
Suggestion (2). In our opinion, the most likely alternative is that noise at the input stage limits thresholds. To model performance, one would need to specify how those noise sources change as a function of speed. Weber's law can be modelled using a fixed, speed-independent noise, combined with a non-linear transducer (Zanker, 1995) . Any departure from Weber's law at slow speeds can then be accounted for by modifying the non-linearity (Stocker & Simoncelli, 2006) . However, Freeman et al. (2010) showed that combining variable noise and a linear transducer also models performance well. This is analogous to the debate in the contrast discrimination literature: Different combinations of noise and transducer are able to model contrast discrimination data equally well (Georgeson & Meese, 2006) . With two inputs, as implicated by our data set, the problem is exacerbated -potentially there may exist different transducers for retinal and extra-retinal signals, and also different noise-speed relationships as well.
